Abstract: While spiral galaxies observed from Earth clearly seem to spin in different directions, little is yet known about other differences between galaxies that spin clockwise and galaxies that spin counterclockwise. Here we compared the color of 64,399 spiral galaxies that spin clockwise to 63,215 spiral galaxies that spin counterclockwise. The results show that clockwise galaxies tend to be bluer than galaxies that spin counterclockwise. The probability that the color differences can be attributed to chance is ~0.019. g-r, r-i and i-z did not show significant differences between clockwise and counterclockwise galaxies.
Introduction
A morphological feature of spiral galaxies that can be easily identified by the human eye is the handedness-some spiral galaxies spin clockwise, while other spiral galaxies rotate counterclockwise. Previous studies suggest large-scale asymmetry between the number of galaxies that rotate clockwise and the number of galaxies that rotate counterclockwise [1, 2] , and a large-scale correlation between the galaxy handedness and other characteristics can indicate an asymmetry at a cosmological scale.
Here we analyze 127,614 spiral galaxies imaged by Sloan Digital Sky Survey (SDSS) to investigate whether there are differences between the color of spiral galaxies that spin clockwise and the color of spiral galaxies that spin counterclockwise.
Data
The dataset included galaxies imaged by SDSS [3] , and classified as spiral galaxies by Galaxy Zoo [4] . Then, the galaxies were analyzed using the Ganalyzer method [5, 6] , and were separated by their appearance as described in [1] to 64,399 spiral galaxies that spin clockwise and 63,215 spiral galaxies that spin counterclockwise. The Ganalyzer algorithm that was used to classify clockwise and counterclockwise galaxies is described thoroughly in [1, 5, 7] . In summary, Ganalyzer first separates the foreground pixels of the galaxy from the background pixels, and detects the 8-connected objects of the foreground pixels. For each 8-connected foreground object Ganalyzer then finds the center (O x ,O y ) of the galaxy by fitting a point spread function, and then defines the radius R (in pixels) as the most distant foreground pixel from the center, such that the pixel is part of the same 8-connected object. Next, Ganalyzer transforms the galaxy image into its 360 × 35 radial intensity plot, in which the pixel (x,y) in the radial intensity plot is the pixel at coordinate [O x + r sin(θ), O x -r cos(θ)] of the original galaxy image; such that θ is the polar angle and r is the radial distance in pixels, which ranges from 0.4 R to 0.75 R. A peak detection algorithm then finds the peaks in each line of the radial intensity plot, and the slope of the peaks reflects the curve of the galaxy arms. The sign of the slope determines the spin direction of the galaxy. A detailed description of Ganalyzer that includes thorough analysis and experimental results is available in [1, 5, 7] .
The declination of the galaxies in the dataset was approximately between −11.2° and 70.3°, and the redshift of the galaxies was smaller than 0.3. Some right ascension (RA) ranges had very few or no galaxies in them. The RA range 60°-90° had less than 100 galaxies, and the range 270°-300° had no galaxies in the dataset.
The magnitudes used in this study are the cmodel magnitude values taken from the PhotObjAll table ("u", "g", "r" ,"i", "z" fields) of SDSS DR7. The cmodel magnitude is defined by:
where fracDeV is the coefficient of the de Vaucouleurs term, and F deV and F exp are the de Vaucouleurs and exponential fluxes of the celestial object. Table 1 shows the mean and standard error of the mean of the u-g, g-r, r-i, i-z of the galaxies that rotate clockwise and galaxies that rotate counterclockwise. For each color the table also shows the two-tailed probability (p) that the two means are not different. The probability p that the two means appear to be different due to mere chance was computed using the unpaired t-test with different sample sizes, which given the means, sample sizes, and standard error of the means (or standard deviation) determines the statistical significance p that the means for clockwise and counterclockwise galaxies are not different.
Results
As the table shows, most of the differences between the means are not statistically significant except for u-g, in which the two-tailed probability that the two means are not different is ~0.0194. Figure 1 shows the means and standard error of u-g, g-r, r-i, i-z in different 30° RA slices. As can be learned from the figure, the u-g is higher in galaxies that spin counterclockwise in almost all RA ranges. The most significant two-tailed t-test of the difference between the mean is in the RA range 180°-210°, and the probability that the u-g is not different between clockwise and counterclockwise galaxies in that RA range is ~0.0211. The differences in the means of u-g, g-r, r-i, i-z were also tested in different redshift ranges. Table 2 shows the t-test two-tailed probability that the means computed for galaxies with different handedness are not different. The values used were the SDSS colors without correction for deriving rest frame colors for galaxies with high redshift. As the table shows, when separating the data into different redshift ranges the highest probability for u-g difference is in redshift range of 0.1-0.2. It should be noted that redshift range 0.2 < z < 0.3 included just 10,027 galaxies.
To profile the asymmetry, the u-g color differences were computed for different RA and declination (DEC) ranges. Tables 3 and 4 show the asymmetries of galaxies with z < 0.2 and 0.2 < z < 0.3, respectively, in three declination ranges (−11.2°-15°, 15°-45° and 45°-70.3°) and 60° RA ranges. Table 2 . Two-tailed t-test probability that the color of clockwise galaxies and counterclockwise galaxies in different redshift ranges are not different. Table 3 . Difference between u-g of galaxies with different handedness in different RA and declination (DEC) ranges for galaxies with z < 0.2. The two-tailed t-test p values are in parenthesis. Empty cells are ranges with no galaxies. Table 4 . Difference between u-g of clockwise and counterclockwise galaxies in different RA and DEC ranges for galaxies with 0.2 < z < 0. In the z range of >0.2 the number of galaxies is low, leading to high t-test p values, as well as many RA, DEC ranges in which no galaxies were found in SDSS DR7. In z < 0.2 the lowest probability that the means of the u-g values of clockwise and counterclockwise galaxies are not different was measured between RA 180° and 240°. Figure 2 shows the histogram of the distribution of clockwise and counterclockwise galaxies by their u-g. The numbers are normally higher for the clockwise galaxies because there are more clockwise galaxies in the dataset than counterclockwise galaxies.
For control, the analysis was also done such that the galaxies were separated into two arbitrary different groups, such that the first group included all galaxies with an even SDSS ID, and the other group included all galaxies with odd SDSS ID. The results showed no statistical significance between the color of the galaxies in the two groups. For instance, the mean u-g in the galaxies with even IDs is 1.521188 ± 0.0017, and the mean u-g in the galaxies with odd ID is 1.521131 ± 0.0017, leading to a t-test p value of 0.9811 that the two values are not different. This shows that the arbitrary arrangement of spiral galaxies in the Galaxy Zoo sample does not lead to the color differences found when the galaxies are separated by their spin direction, therefore, ruling out observational systematic. 
Conclusions
The spin direction of a spiral galaxy is a morphological feature that can be clearly identified by the human eye observing the galaxy. In this paper we described color differences between galaxies with different handedness, and showed that galaxies that spin clockwise have a smaller u-g compared to galaxies that spin counterclockwise, meaning that on average clockwise galaxies are bluer than galaxies that rotate counterclockwise. The difference is the most significant in redshift range of 0.1-0.2 and RA range 180°-210°. While the statistical significance of the u-g difference is marginal, future sky surveys such as Large Synoptic Survey Telescope (LSST) will acquire more and better galaxy images that will allow morphological analyses of more galaxies and, consequently, stronger statistical significance of the results.
The comparisons were based on galaxies in the same region of the sky, but were separated by their handedness so that the color difference cannot be attributed to the different atmospheric effects when different parts of the sky are observed. The number of galaxies used in this study is not sufficient to profile statistically significant asymmetry in each RA range, making it difficult to profile a possible dipole axis [1, 2] . Also, the fact that different regions of the sky were imaged on different days of the year adds further difficulties in deducing valid conclusions that are based on the comparison of the asymmetries in different sky regions, where differences between regions might be driven by differences in the image acquisition conditions when imaging different regions of the sky. However, while the strength of the u-g asymmetry between galaxies with different handedness can vary between different regions of the sky because of calibration or atmospheric effects, u-g differences between clockwise and counterclockwise galaxies are not expected in the same sky region. It is important to note that the galaxies used in this study are not uniformly distributed in the sky, but their distribution follows the distribution of galaxies in SDSS.
Galaxy mergers can change the spin direction of the galaxy while also increasing star formation [8] , and therefore large-scale blue color asymmetry can also be related to large-scale asymmetry in interaction between galaxies, or to large-scale asymmetry in spin direction [1, 2, 9] . Another possible explanation can be internal extinction at the edges of the arms, which can be affected by the radial velocity. While there is no solid explanation to the surprising difference between the colors of galaxies based on their spin rotation, the purpose of this study is to initiate discussion and further investigation on differences between galaxies based on their spin direction.
